A striking multiple-step behavior has been observed in magnetoresistance measurements during magnetization reversal in anti-ferromagnetically coupled GaMnAs/GaAs:Be multilayers. This behavior arises from the splitting of the energy degeneracy of spin configurations established by nearest-neighbor interlayer exchange coupling (NN IEC) with contribution from the next-nearestneighbor (NNN) IEC. This observation reveals that NNN IEC plays a crucial role in the magnetic behavior of these multilayer structures.
Introduction
The interlayer exchange interaction [1] in magnetic multilayers gives rise to giant magnetoresistance (GMR) [2, 3] and may thus lead to new breakthroughs in spin electronics [4] . It is therefore important to understand the fundamental principles behind such exchange interaction and to investigate its physical behaviors under different circumstances. Indeed, many studies have already been carried out on the interlayer exchange interaction in multilayer systems with various ferromagnetic (FM) materials [5] [6] [7] [8] [9] , ranging from the dependence of the interlayer coupling strength on structural parameters to the oscillation between FM and antiferromagnetic (AFM) coupling [1, 10, 11] . Furthermore, the '3D spintronics device concept' has very recently been demonstrated by controlling the strength of exchange coupling between the magnetic layers [12] [13] [14] . However, all of these previous studies focused only on nearestneighbor (NN) interactions between the magnetic layers.
In this study we report a striking step-wise behavior in magnetoresistance (MR), which cannot be explained in the frame of any existing theories based only on NN coupling, thus providing clear evidence that next-nearest-neighbor (NNN) interactions are significant. We show below that NNN interaction is of critical importance in magnetic semiconductor multilayers, where the Fermi wavelength (∼4 nm in our GaMnAs samples) is significantly longer than in metallic multilayers, becoming comparable to the width of the layers [15] [16] [17] [18] [19] [20] [21] . Our finding is also important in the context of device applications of magnetic multilayer systems. Namely, by engineering the relative strengths of the NN and the NNN interactions, the MR can be switched from one behavior to another that is completely different.
We note that the effect of NNN coupling is most pronounced when the interlayer exchange coupling (IEC) is AFM [22] [23] [24] [25] . It has been established that the AFM IEC in GaMnAs-based systems can only be achieved in a very narrow parameter window of carrier concentrations and structural dimensions [19, [26] [27] [28] . In this study, we therefore focus on magnetization reversal observed in a [GaMnAs/GaAs:Be] 10 multilayer with GaMnAs and GaAs:Be thicknesses of 7 and 3.5 nm, respectively, in which AFM IEC is very clearly realized.
Sample preparation
The growth of GaMnAs/GaAs:Be multilayer structures used in this study was conducted on semi-insulating (001) GaAs substrates in a Riber 32 R&D MBE machine equipped with elemental sources of Ga, As, Mn and Be in the chamber. Prior to the deposition of the Mncontaining GaMnAs layer, we grew a 450 nm GaAs buffer layer at 590
• C (i.e. under normal GaAs growth conditions). The substrate was then cooled down to 250
• C for the growth of low-temperature (LT) GaAs, usually to a thickness of 3 nm, followed by Ga 1−x Mn x As and GaAs:Be multilayer structures. The As 2 :Ga beam equivalent pressure ratio of 20 : 1 was used. During the growth process, the surface quality of the samples was monitored by reflection highenergy electron diffraction, which showed a (1 × 1) surface reconstruction for LT-GaAs, and a (2 × 1) reconstruction for GaMnAs. The concentrations of Mn and Be were controlled by their respective cell temperatures. A number of GaMnAs/GaAs:Be multilayer structures were prepared, with varying structural parameters such as the composition of Mn in the GaMnAs layer, the thickness of non-magnetic GaAs:Be spacers and the number of multilayers. The Mn concentrations in the GaMnAs layer and Be doping levels in the GaAs spacer were estimated from x-ray diffraction and Hall measurements, respectively, performed on the control GaMnAs and GaAs:Be epilayers grown under the same conditions as the multilayers. For structural characterization of the [GaMnAs/GaAs:Be] 10 multilayer, we carried out x-ray diffraction (XRD) measurements, which clearly show satellite peaks corresponding to the period of the multilayer. The period calculated from the satellite peaks is 10.4 nm, consistent with the neutron reflectivity measurement shown in [15] . The strong intensity and well-defined width of the satellite peaks indicate high quality of the multilayer system with uniform periodicity.
The transport measurements were performed on Hall bars patterned by photolithography and chemical wet etching on the multilayer films. The size of the Hall bar was typically 300 × 1500 µm, with the long dimension of the bar aligned along the [110] direction. Ohmic contacts were obtained by bonding Au wires to the sample surface with indium. MR measurements were taken using a sample holder such that a magnetic field could be applied in the plane of the sample at an arbitrary azimuthal angle ϕ H , where [110] is measured counterclockwise from the crystallographic direction (i.e. from the current direction) in the (001) plane. In discussing these and other data, we will refer to the process of increasing the field in either direction (which eventually aligns the magnetization of all GaMnAs layers in parallel) as the 'saturation' process or sweep; and we will refer to the process of recovering the initial antiparallel (AFM) configuration by reducing the field to zero as the 'restoring' process. In addition to the basic GMR-like effect, we now see many clearly resolved transition steps in both the saturation and the restoring sweeps.
Results and discussion
One could at first glance suspect that the multiple transition steps we observe are caused by unintended variations of magnetic properties between individual GaMnAs layers that could give rise to different coercive fields in the different layers comprising the superlattice (SL), thus causing their magnetizations to 'flip' at different fields. However, an absence of noticeable fluctuations between the GaMnAs layers in SLs of this type was confirmed in our earlier studies, in which a total of eight multilayer samples consisting of ten GaMnAs layers of varying thickness and prepared under the same growth conditions were investigated [15, 19] . When the interlayer coupling in such SLs is FM (which occurs, e.g. when the non-magnetic GaAs 'spacer' Each field scan (down or up) contains a four-step restoring process and a fivestep saturation process, with resistance plateaus marked as R1-R4 and S1-S4. (b) The number of pairs with AFM alignment between adjacent GaMnAs layers in the multilayer is obtained by minimizing the IEC energy given by equation (1) during the down-scan of the field. The field is scaled in terms of the NN IEC strength J 1 . The reversal process determined from calculation using equation (1) clearly shows a four-step restoring and a five-step saturation process, similar to that observed in the MR experiment shown in the upper panel. The crossing of the calculated energies for the R3, R4 and FM1 states is shown in the inset. The spin configuration corresponding to each plateau in the field scan is indicated schematically by vertical arrows. layers are not doped), one observes a single abrupt transition in the magnetization reversal at LT (see figures 1 and 2 of [19] ), indicating that the magnetic properties of all GaMnAs layers in each of the multilayer systems are very nearly identical. This is in sharp contrast with the very extended field range over which the magnetization of the SL discussed in the present paper is seen to reverse (by a series of magnetization flips occurring over 40 Oe between the first and the last flip). Other characteristics observed in the present system, such as the remarkable regularity of field increments at which transition steps occur during this reversal, and the difference in the sequence of transition steps in the saturation (five steps) and restoring field sweeps (four steps) seen in figure 1, cannot be explained by an accidental variation in the properties of the magnetic GaMnAs layers comprising the SL. We must therefore rule out that possibility.
It is remarkable that the number of transition steps (five) which appear in the saturation process exactly matches the number of GaMnAs layers whose magnetization is initially aligned opposite to the direction of the applied field in the AFM alignment of the multilayer at zero field. This implies that the magnetizations of those GaMnAs layers are reversed one by one as the field increases toward saturation, as shown in figure 1(a) . When the magnetic multilayer is cooled below T C in the absence of an external field, a system consisting of ten AFM-coupled GaMnAs layers can be thought of as forming two types of anti-parallel spin configurations, AFM1 (↓↑ · · · ↓↑) or AFM2 (↑↓ · · · ↑↓). This idea is shown schematically in figure 1 for H = 0, in which arrows indicate the directions of magnetization, and the progression of the arrows from left to right corresponds to the order of the GaMnAs layers from the bottom to the top of the multilayer.
Although it is obvious that the first transition in the saturation process corresponds to the flip of magnetization in the outermost GaMnAs layer, it is difficult to identify the sequence of transitions in the inner GaMnAs layers, since the order of such flips cannot be determined by considering NN IEC alone, but must involve additional interaction terms that differentiate the strengths of IEC acting on specific interior GaMnAs layers. The most likely interaction for removing the energy degeneracy of magnetization alignments of the interior GaMnAs layers determined by NN AFM IEC is the NNN IEC. As already mentioned, this process is likely to come into play in the present case, since the Fermi wavelength of our GaMnAs samples is about 4 nm long [17, 19] .
Recently, a microscopic calculation was performed to obtain the relative strength of the NNN IEC with respect to that of the NN IEC by evaluating the magnitude of spin torque between NNN magnetic layers of a multilayer [29] . The results show that the strength of NNN IEC can be as much as 24% of the strength of NN IEC. This surprisingly large value of NNN IEC may be attributed to (i) the quasi-one-dimensionality and (ii) the small thickness of the layers, as follows. (i) In bulk solids, the Ruderman-Kittel-Kasuya-Yosida (RKKY)-type exchange coupling is known to decrease (on a large scale) as 1/r 3 , where r is the distance between the interacting spins. However, for a quasi-one-dimensional system, such as our multilayer sample, it was shown in [30] [31] [32] [33] that the IEC strength between magnetic layers decreases only as 1/r 2 , i.e. much slower.
(ii) The thickness of each layer in our [GaMnAs/GaAs:Be] 10 multilayer system is comparable to the Fermi wavelength, and the exchange coupling does not follow the simple power-law decay.
In discussing the magnetization reversal behavior of the GaMnAs/GaAs multilayer, we focus on understanding the multiple transition step behavior-the key feature of this experiment-rather than on quantitative details of the entire hysteresis, that would of necessity include domain wall pinning and magnetic anisotropy of each GaMnAs layer. We therefore consider only IEC energy of the multilayer and formulate the IEC energy E of the multilayer in the presence of a magnetic field H by including NNN IEC contributions. For the case of a ten-period multilayer such as our [GaMnAs/GaAs:Be] 10 SL, the coupling energy can then be expressed in the form
where J 1 and J 2 are the NN and NNN IEC constants, respectively and M i is the magnetization of the ith GaMnAs layer.
To establish the role of NNN IEC, it is useful to first calculate the magnetic field dependence of the IEC energy for various spin configurations without the NNN IEC contribution (i.e. without the second term in equation (1)). The results are shown in figure 2(a) , and clearly illustrate the linear dependences of the coupling energies on the field for each spin configuration. The figure shows that these energy dependences have only two crossing points, corresponding to the two critical fields at which these energies have multiple degeneracies. Specifically, the first (lower) critical field corresponds to the magnetization flip of the outermost magnetic layer that was initially aligned opposite to the applied field, and the second crossing point occurs when the magnetizations of all interior magnetic layers initially aligned opposite to the field flip their orientations. Importantly, in the NN IEC scenario, this happens at a single field for all internal layers. Thus, in this scenario, only two transitions occur in both the saturation and the restoring processes, as has indeed been observed in metallic magnetic multilayers [6] .
We will now include the NNN IEC in the calculation. Although we will assume the strength of NNN IEC to be J 2 = 0.25 J 1 in our calculation, qualitatively similar results are obtained with other values of J 2 if the ratio J 2 /J 1 is not negligibly small. The most remarkable effect of including the NNN IEC is that it removes the energy degeneracy of the second crossing point seen in the NN IEC image (i.e. that seen in figure 2(a) ), as will be discussed in detail in connection with figure 2(b) .
Calculation of the lowest energy state according to equation (1) shows that, as the field is swept, many transition paths with stable spin configurations may occur, with each of these paths leading to magnetization reversal with multiple intermediate states. The results of this calculation alone are not sufficient to unambiguously determine the actual spin configurations that occur in the reversal process. Fortunately, however, the experiment provides several additional conditions that narrow down the exact spin configuration corresponding to each resistance state (i.e. each step) observed during magnetization reversal. For example, it is remarkable that in going from negative to positive saturation (up-scan) and vice versa (downscan), we see exactly the same four-step restoration and five-step saturation paths as shown in figure 1(a) . This perfectly symmetrical behavior of MR seen in the up-and down-scans of the field indicates that the AFM spin configuration at zero field switches from AFM1 and AFM2 (shown on top of figure 1(a) ) on completing the five-step path to saturation and the four-step return (i.e. AFM1 → FM1 → AFM2 and then AFM2 → FM2 → AFM1). This experimental observation then establishes the following two constraints.
1. The system always experiences complete anti-parallel spin configuration (i.e. either AFM1 (↓↑ · · · ↓↑) or AFM2 (↑↓ · · · ↑↓)) at zero field as the field is scanned from saturation in one direction to saturation in the opposite direction. 2. The anti-parallel spin configuration at zero field always switches between AFM1
(↓↑ · · · ↓↑) and AFM2 (↑↓ · · · ↑↓) when the system is restored after experiencing a fivestep saturation process.
Furthermore, the fact that our MR measurements are performed in the current in-plane configuration automatically identifies the location of the first transition; i.e. whether it occurs in the bottom or the top GaMnAs layer of the SL, since the current flow in this configuration will be systematically less sensitive to magnetization changes in GaMnAs layers located away from the surface of the SL (i.e. from the contacts to the sample). This leads to the third constraint. 3. The change of resistance (measured by the voltage drop) will be the smallest for the flip of magnetization in the GaMnAs layer at the bottom of the structure.
Satisfying these three conditions uniquely determines the sequence of spin configurations (from among many possible sequences) in the course of magnetization reversal. The magnetic field dependences of energies for the resulting spin configurations for the down-scan case are shown in figure 2(b) . The most interesting feature of figure 2(b) is the splitting of the second crossing point in figure 2(a) (i.e. that obtained by considering only the NN IEC) into many different crossing points. Now four and five crossing points appear in the restoring and the saturation process, respectively (as indeed seen in the data in figure 1(a) ) each crossing point corresponding to a flip of magnetization in a particular GaMnAs layer.
Since the value of MR in the magnetic multilayer is a reflection of electron scattering between neighboring anti-parallel magnetic layers, we count the number of anti-parallel neighboring layer pairs occurring in the different spin configurations as the magnetization is being reversed, and plot the calculated field dependence of this number in figure 1(b) for comparison with the MR experiment. As in the case of figure 2(b), for clarity, we only plot the results for the down-scan, i.e. FM1 → AFM2 → FM2. The magnetization alignments within the structure that lead to each resistance state during the field scans are also schematically shown in figure 1(b) . As one can see, the magnetization reversal path obtained by calculating the lowest coupling energy with the three experimental constraints taken into account reproduces the observed four-step restoration and the five-step saturation processes. This implies that the obtained sequence of spin configurations corresponds to the sequence of resistance states observed in the field sweeps. Since this sequence of spin configurations during magnetization reversal is obtained by considering NNN IEC, these results serve to underscore that the NNN interaction is the key factor for understanding the details of magnetization reversal in FM semiconductor multilayers such as our [GaMnAs/GaAs:Be] 10 SL.
It is interesting to note that the restoring process (from saturation to full AFM order) undergoes a four-step transition sequence, in contrast to the five steps that we observe when progressing from full AFM order to full FM saturation. Although this is at first glance quite surprising, it can be also understood from the results of calculation shown in the inset in figure 1(b) , where the field dependence of magnetic energies is plotted for the three spin configuration states (i.e. ↑↑↑↑↑↑↑↑↑↑, ↑↑↑↑↑↑↓↑↑↑ and ↑↑↓↑↑↑↓↑↑↑; designated in the figure as FM1, R4 and R3, respectively). A completely parallel configuration has the lowest energy in the region of magnetic fields larger than the field at which the FM1, R4 and R3 states have the same energy, which we designate as H c .
Surprisingly, as the field is reduced below H c , the magnetization configuration with two anti-parallel layers (R3) acquires a lower energy than the configuration with one anti-parallel layer (R4), even though R3 is magnetically further from FM1. Thus, the system makes a transition at H c directly from a completely parallel configuration, FM1, to the configuration with two anti-parallel layers, R3. That is, the state with only one anti-parallel layer simply does not occur during restoration, so that this simultaneous flip of magnetization in two GaMnAs layers at the beginning of the restoring process thus results in the four-step restoring sequence, as observed in the experiment.
The four-step transition, however, occurs not only in the restoring process, but also in the saturation process when the saturation is carried out after restoration without changing the field direction, as shown with open triangles in figure 3 . The three stable resistance states of the second saturation, marked as SS1, SS2 and SS3, exactly match the states in the restoring process, figure. Unlike the initial five-step saturation process, in which the first transition corresponds to the magnetization flip of the bottom GaMnAs layer, the second saturation is a four-step process, in which the first transition corresponds to the magnetization flip of the top GaMnAs layer. Both the restoration and the second saturation are four-step processes, and exhibit identical spin configurations in reverse order.
indicating that the second saturation takes place via the same sequence of spin configurations that occurred in the restoring process; i.e. the AFM2 → FM1 and FM1 → AFM2 processes trace identical spin configurations in the reverse order.
Conclusions
Finally, the explanation of the various transition patterns (such as the number of steps during a given reversal process and the spin configuration of each state) is made possible in terms of the contributions of NNN IEC, which is estimated to have an approximate strength of J 2 = 0.25 J 1 . This contribution of NNN IEC is quite pronounced in GaMnAs/GaAs:Be multilayers because of the long range character of IEC in this semiconductor-based system, thus providing a powerful tool for investigating higher order IEC effects by experiment. We hope that this direct detection of NNN IEC in our multilayer will stimulate investigation of higher order IEC effects in other magnetic multilayer systems. Indeed, a study on the Co/Cu/Co/Cu cap system has already shown that the IEC between two Co layers depends on the thickness of the Cu capping layer [34] . Such non-magnetic capping-layer dependence of IEC suggests the possibility of NNN IEC in multilayers consisting of more than three magnetic/non-magnetic pairs. Furthermore, the presence of NNN IEC in a magnetic multilayer structure also opens a new opportunity for realizing multiple stable states that can be used for multinary information storage and/or logic devices, in which spin configurations established by IEC are controlled via electrical methods, such as injecting charge carriers into the non-magnetic spacers of the multilayer structure.
